Given the security problems of the urban rail transportation, this paper proposes a methodology for congestion risk evaluation and precaution in order to guarantee the safety of passengers and improve the operation efficiency in metro stations. To begin with, we selected the retention rate of the platform, the waiting rate of the ticket gate and the transfer efficiency as the indexes for the station congestion precaution system and created models to calculate the threshold respectively. By reasonably combining these three indexes, a congestion warning level function was set up to evaluate the congestion risk and determine the warning level. The characteristics of the proposed model are its quick decision results and ease of handling. With the determined warning level, some strategies are suggested to relieve the pressure. Finally, a practical application in Beijing's GuoMao metro station was performed to verify the feasibility and practicability of the proposed congestion precaution model.
INTRODUCTION
With the rapid development of the urban rail transportation in Beijing, the volume of passengers has reached ten million per day. The large amount of passengers leads to many safety problems, some of which are even deadly. The issue of safety is coming to the limelight and has aroused wide attention. In order to guarantee the safety of passengers and improve the efficiency of the metro station, the evaluation for congestion risk and precaution theory must be and has been applied to the operation and management of urban rail operation.
Congestion risk evaluation and precaution system is similar to an early warning system, which is an information chain consisting of detectors, decisions and breakers to minimize the negative impact on the stability in the physical world. Early warning theory has been successfully used in economics, nature disasters and other fields [1] . Following the early warning model from other fields, the basic procedure of congestion evaluation and precaution has been established [2] as shown in (Fig. 1). 
Passenger Data Monitoring and Forecasting
The equipment, such as cameras, gates and infrared devices, can be used to get the passenger data which can be applied in a specific model for predicting the short-term tendency of the passenger flow and the operation. The predicted data is used for congestion evaluation and precaution. The short-term forecasting has developed quickly for nearly three decades [3] . The basic models can be divided into five types: linear models, nonlinear models, artificial intelligence models, composite models and simulation forecasting models. There are four basic kinds of linear models: time series model, Kalman filtering model, exponential smoothing model, and adaptive model. The first one focuses on time based rules and can be applied to short or long period forecast [4] . The second one mainly optimizes the indexes, when it comes to forecasting [5] . The third one depends more on newly updated data, and the last one can reflect the differences between the different emergency accidents and changing weights of other factors [6] .
As for nonlinear models, they mainly depend on the wavelet analysis, which focuses on the Origin-Destination forecasting and total volume of the station [7] , catastrophe theory, which takes the urban railway system as a mutable system, and chaos theory, which utilizing the technology of phase-space reconstruction, empirically studies the short term forecast [8] .
The artificial intelligence model is widely believed to need a set of study examples, usually the historical data and the model, whereby it can study the connections between the input and the output independently. The most famous artificial intelligence system is the neural network model. The nonparametric models and support vector models also belong to this classification [9 -12] .
Composite modeling has been used in order to overcome the limits of the different methods discussed above. Some researchers combine different models, such as EMD-BPN [13, 14] , to forecast the volume of the passengers. As for the last one, with the help of the cellular automaton model, the volume can be forecasted.
Congestion Index and Risk Evaluation
The congestion estimation system for metro station compares the input data with the threshold value to evaluate the current condition and decides if it is necessary to announce a warning.
To establish the threshold value, the Code for the Design of Metro (GB 50157-2003) and Urban Rail Transit Operation Guide give out several service levels for equipment, such as stairs and lifts. The basic capacity levels of the fare gates, transfer channels and the stairs in the station are also set. Additionally, some local rules are published for specific cities, such as Beijing's Urban Rail Traffic Safety Operations Management Measures, to guarantee the security of the operation.
Sometimes the service efficiency depends on the density and the velocity of the passengers. Different researchers used different diagrams to plot the relationship of passenger density and velocity, such as linear, log function and triangle [15] . Based on the transportation dynamic theory, Lu [16] found that passenger moving velocities depend on the friction and the passengers around them. The back-front friction is log to the density and the left-right friction is influenced by the density, and the relationship is linear.
Some preliminary researchers established the threshold values for density and velocity. The basic density for movement is 0.92m 2 /m 2 and the maximal moving velocity is 1.14 person/m×s [17] . Some researchers studied moving passengers in a channel. The velocity is related to the density of passengers, and when the density approaches 4 person/m 2 , congestion might happen [18] .
The pre-research indexes mostly focus on the passenger density or velocity in the station, however, the velocity and density differs a lot in different parts of the station. Meanwhile, the velocity and the density are hard to obtain in the station. For these, this study selected three different indexes to evaluate the congestion in the station.
Congestion Precaution and Warning Response
When the congestion condition reaches to the warning level, the manager must take some actions to ensure normal operations, which is called warning response or risk management. Preliminary studies discuss different methods for handling risks such as marshaling modes, adjusting time table and optimizing the organization in the station. With sudden large numbers of passengers, different vehicle loops can be chosen for transferring the passengers [19] . In the station, the passengers' paths or the marketing plans need to be adjusted based on the changes in the number of passengers [20] .
Finally, the system collects the data again and checks the results of the precaution and responsive actions.
Even though the specific theories and methods, discussed above, have developed rapidly. The literatures seldom discussed the congestion precaution procedure. This study mainly illustrated the whole procedure of congestion precaution in the urban rail station. The indicators for the congestion precaution and the threshold values were established by actual surveys of successive walking paths in a transfer station. In order to determine the congestion warning level more quickly, this study put forward a congestion evaluation function and some related suggestions based on the warning level to prevent greater damage. All of these theories were applied in Beijing GuoMao station (Section 4) to illustrate the practicability and validity.
THE INDEX OF CONGESTION PRECAUTION
The urban rail system is a complex system and contains much equipment, which influences each other. The selected data indexes should be systematic, coincident with each other. Everyone can reflect an aspect of the station and still has no overlap at the same time. Second, the index data should be easily collected, analyzed, and suitable for the short-term forecasting. Finally, the threshold of the index should reflect the practical situation, not only copy the standard from other counties.
According to the passenger paths in the station, we select stranded passengers i.e. those needing to wait for the next train on the platform, waiting rate at the ticket gates, and the efficiency of the transfer channel as the indexes for the metro transfer station. The warning standards are different according to time periods and cities. This study focuses on the peak hour and the thresholds can be used for most of the transfer stations in Beijing, which can also be applied in off-peak period.
Retention Rate of the Platform
In this study, we assume that the arrival and departure of the trains is a quick movement, which can finish immediately. The behavior of the passengers on the platform is periodic which corresponds with the departure and arrival of the trains. When the (j- 1) th train departs from the station, generally, passengers on platform will board on the (j-1) th train. The number of waiting passenger on the platform gets to the minimum. When the train departs from the station, the waiting passengers on the platform will increase and get to the maximum when the j th train arriving on the platform. When the j th train departs from the platform, the passengers on the platform will reach to the minimum again. The passenger period can be plotted as shown in (Fig. 2) . Retention rate η r of the platform is the index to describe the proportion of the stranded passengers N r j i who wait on the platform, but can't get on the current train and need to wait for a second one. η r can be calculated by Eq. 1.
(1)
For the i th platform in j th passenger period, the number of stranded passengers is restrained by the waiting passengers 
The waiting passengers N w j i on the platform can be calculated by Eq. 3. 
(4)
The waiting area is limited. The maximal number of waiting passengers N wi can be calculated by Eq. 5.
(5)
Where S wi is the available area in the platform for the passengers waiting for the train, n is the basic space for the passengers to stand and α is reduction factor due to the different gender of the passengers and the belongings. When the average volume of the waiting passengers reaches its maximum, the congestion precaution system should be activated. 
Waiting Rate of the Ticket Gates
Ticket gates play a crucial role in the station and can count the number of the checking-in passengers. The efficiency of the ticket gate influences the volume of the passengers and the condition of the station. Sometimes at the max , 0
peak-hours, because of the large amount of incoming passengers, many of them need to wait in a queue behind the ticket gates. The service time of the ticket gates obeys the negative distribution; the passenger arriving rule is subjected to the Poisson distribution [21] . Ticket gates serving model can be described as M / M / C / ∞ / ∞ model in queuingbased models. The waiting queue L q (unit: person) can be calculated by Eq. 6.
(6)
Where c is the number of the ticket gates, λ is the average service frequency, µ is the average number of checking-in passengers. Both λ and µ can be captured by historical data and simulation. Waiting rate η w , is variable to describe the waiting rate of the passengers and can be calculated by Eq. 7.
(7)
Where L w (unit: person) is the actual number of waiting passengers behind the ticket gate and L a are the queuing passengers.
After thirteen surveys and gathering research data from the ticket gates in Beijing Metro stations, such as Dong Dan, Xi Zhimen, this study divides the service into four levels, as shown in (Table 2) . 
Transfer Efficiency
For transfer stations, the transfer efficiency rating is a very important index to estimate the condition of the station. The transfer efficiency depends on the transfer distance and transfer time. The walking velocity varies with different equipment such as the stairs and escalators in the channel. The transfer time T t (unit: second) can be calculated as Eq. 8.
(8)
Where n is the number of equipment such as stairs and elevators in the transfer channel, d k is the distance between different equipment and v k is the walking velocity between equipment. Putting the theoretical velocity v k in Eq. 8, the result is the theoretical transfer time T t (unit: second). The transfer efficiency η t can be calculated by Eq. 9.
(9)
When η t ≥ 1, there can be a little bit of congestion in the transfer channel. The warning levels for the different efficiencies are shown as in (Table 3) . 
CONGESTION EVALUATION FOR A SUBWAY STATION

Congestion Evaluation Level Standards
When dividing the metro congestion warning system into many levels, the warning level will fluctuate between levels. If the number of the warning levels is just one or two, each level may cover too large a range, thereby leading to an incorrect warning level and incorrect response for the actual situation. Due to the seriousness, the warning system is divided into four levels with different colors for quick reference. The standards and colors are listed in the ( Table 4) . Table 4 . Congestion evaluation levels for a subway station.
Level Color
Warning standard IV Blue The station is a little bit crowded, passengers can move freely, some parts of the station have a little congestion, but there are no passengers stranded on the platform. III Yellow There is some congestion in the station and will last for one train departure interval. A few passengers are stranded on the platform.
With some organization, the crowd's situation can be significantly eased. II Orange All the facilities are in full load condition. The waiting time is longer than a departure interval. Some passengers are stranded on the platform. Passengers must wait in lines. I Red The station is overwhelmingly crowded and the density is exceedingly high. There are many hidden dangers and risks to passenger safety. The transfer efficiency is very low. Most of the passengers are waiting or delayed.
Congestion Evaluation Level Function
This study selected the waiting rate at the ticket gate, the retention rate at the platform and transfer efficiency as the parameters to measure for the congestion level of the station. What's more, this article puts forward a method, where congestion evaluation function combines these three parameters.
Taking the blue level into consideration, the congestion evaluation function is divided into four levels.
(i) 3-Dimensional Congestion Precaution Function
Waiting rate level, transfer channel level and platform retention rate can be set into a 3-Dimensional, rectangular, coordinate system. The input data can identify a specific point in the 3-Dimensional space, which can illustrate the congestion level. The entire situation within the station is drawn in the rectangular coordinate system as shown in (Fig. 3) . This method can indicate the warning situation accurately and comprehensively. However the 3-D surface is hard to estimate, and sometimes it will not be a smooth or constant surface. In order to make it more valid and easier to understand, the 3-D surface is projected into the axial plane xoy, yoz, xoz respectively to simplify the 3-D function.
(ii) 2-Dimensional Congestion Warning Function
When projecting the surface into the coordinate planes, every plane can reflect two parameters. Take ticket-gate and platform retention as an example. If the platform is crowded but there is no congestion appearing at the ticket gates, when passengers boarding on a train, the passengers on the platform will decrease and will not be as crowded as before. The warning level is blue. However, if the passengers at the ticket gate increased, the platform will become more and more crowded, and there will be more passengers waiting on the platform. When that happens, quite a few measures should be taken such as channelizing or separation. The congestion warning level should be yellow. Similar to the above, the graph of ticket-gate and platform retention can be seen in (Fig. 4) . Since any two indexes can determine a congestion level, one should select the most serious level as the warning level for the station.
This method significantly simplifies the determination period. However, it still has other shortcomings, such as the curve of the two indexes is hard to accurately understand. Additionally, since the number of passengers in the station rapidly changes, the warning level might also change frequently. To solve these visual problems, this study changed the curve graph to a matrix as shown below.
(iii) Matrix Congestion Warning Model
The determination of congestion warning level becomes simpler via a matrix. According to the twelve times of surveying in GuoMao station, the warning matrix is been established as shown in (Table 5) . If the ticket-gates, platform retention and transfer channel warning level are C, 2 and b, respectively. According to the matrix table, The warning level is III, III and II. Choosing the more serious level as the warning level, the warning level of the station is II. D  IV  IV  III  III  IV  III  III  II   C  IV  IV  III  III  IV  III  III  II   B  IV  III  III  III  IV  III  II  II   A  IV  III  II  II  III  II  I  I Transfer fficiency η t Warning level
In this way, the method can reduce the fluctuations caused by quick changes in passenger numbers in the subway station.
Congestion Precaution and Response Action
Level IV (Blue) At this level the operation of the station is under control. With increasing number of passengers, some equipment should be turned on and switch to the open direction, and change the operation velocity of the equipment, such as the elevators and the ticket-gates.
Level III (Yellow)
In this situation, the frequency of the subway trains should be increased and thereby reduce the intervals between trains. Additional staff should be sent to the platforms to improve the boarding and alighting velocity in order to relieve the congestion in the subway platform and reduce the safety risks.
Level II (Orange) Checking-in passengers at the ticket-gates should be limited to reduce the passengers on the platform. Some measures such as channelization can be taken which can reduce the conflict of the passenger-path in the station to increase the velocity. Cooperating with other subway stations to decrease the loading rate of trains is also a good choice.
Level I (Red) At this warning level, quite a few trains need to bypass some stations. The stations need to work with other transportation modes to reduce the number of passengers in the station and meet the demand of the passengers who cannot get on a train.
PRACTICAL APPLICATION
Brief Introduction of GuoMao Station
GuoMao station is a transfer station between Line 1 and Line 10 of Beijing metro. This station is located in a busy intersection surrounded by a multitude of points of interest, which attract a great flow of passengers. Fig. (5) demonstrates the main body of the station, the blue one is Line 10 and the purple one is Line 1. The internal passenger flow lines include in-station flow lines, out-station flow lines and transfer flow lines between Line 1 and Line 10. 
(iii) Transfer Efficiency
The length of the transfer channel is 160 m. The theoretical walking velocity is set to1.5m/s, and the passing time is 107s. When considering the distance connecting with the platform, the total theoretical transfer time is 152s. Transfer efficiency η t can be calculated by Eq. 8.
Some cameras were installed in the entrance and exit of the transfer channel, and the average transfer time was calculated every six minute. From the Eq. 8 results, the transfer efficiency is shown in ( Table 7) .
As we can see from Table 7 , during the morning peak hour, all the passengers can transfer from Line 1 to Line 10. Mostly, the congestion warning level fluctuated between Level 3 and Level 4. After 8:00, the congestion reached a stable degree, and the passengers could walk freely. 
Congestion Warning Level
According to the descriptions, data and Table 5 , the congestion warning level of GuoMao Station in morning peak hour can be seen in (Table 8 ). Generally, the operation performance is good during the morning peak hour. After the peak hour, the congestion is substantially reduced.
Congestion Precaution Response
During the morning peak-hour, the condition of the GuoMao station is mostly orderly. But several measures can be taken to improve the safety and circulation of the passengers. First, some zigzag fences can be put in the transfer channel to avoid passenger-path conflicts. Because of the unbalanced transfer volume in opposite directions, the operators can adjust the width of the channel and occupy some space of the transfer channel from Line 10 to Line 1. In this way the efficiency of the transfer channel might be substantially improved.
On the platform, the passengers should be directed to the specific stairs, which are at the two ends of the platform, to increase the efficiency of the exit.
